Abstract-Next-generation network is considered as a deviceto-device (D2D)-enabled system. The overlay in-band scheme can be used by the cellular user equipments and D2D user equipments (DUEs) to send data. The cellular and D2D links experience the in-band emission interference (IEI) from the DUEs that use the adjacent frequencies. This paper models the IEI impact by using stochastic geometry and analytically investigates this impact on cellular and D2D links. The IEI inter-cell and IEI intra-cell are separately assessed, and the expected D2D resource block (DRB) reuse factor is evaluated. Furthermore, the distance-density-based strategy is proposed to mitigate the IEI by controlling the number and location of served DUEs for each DRB. Also, the optimal power allocation algorithm is proposed by calculating the optimal DUEs transmission power profile that mitigates IEI and maximizes DUEs sum rate. The performance is improved significantly for the proposed methods. The application scenario is identified for each mitigation method.
I. INTRODUCTION

D
EVICE to device (D2D) communication is an integral part of next generation cellular networks. D2D supports proximity-based services, reduces end to end latency, extends the cellular coverage, and reduces handset power consumption [4] . D2D communication can also improve the spectral efficiency by reusing the frequency resources within a cell [5] . It is anticipated that the D2D link density in the next generation cellular network will increase significantly [6] . Thus, frequency reuse is desirable within the cell in order to use the frequency resources efficiently and cope with high D2D user equipment (DUE) density.
One of the challenges in D2D-enabled cellular network is in-band emission interference (IEI), which is defined as a power leakage among adjacent frequencies [7] - [12] . In the legacy network, each cellular user equipments (CUEs) uses a dedicated frequency, which causes a negligible leakage power among adjacent frequencies. However, in D2D-enabled cellular networks, the frequency resources may be reused by DUEs within the same cell, thanks to the small distance between the transmitter and the receiver of D2D links. However, this causes a non-negligible IEI from DUEs to cellular and D2D links in high density D2D-enabled cellular networks. Thus IEI must be considered, where multiple D2D links reuse the same frequency.
Kim et al. [7] , Kwak et al. [8] , Li and Liu [9] , Hwang et al. [10] , and Song et al. [11] studied IEI impact in D2D-enabled cellular networks and proposed frequency resources grouping and different power control schemes to mitigate it. Only simulation system was used to evaluate the IEI impact in these studies. In [7] , a D2D frequency resources grouping was proposed, which was motivated by the fact that with DUEs fixed transmission power, the IEI to the base station (BS) mainly comes from the cell center DUEs. However, the proposed frequency resources grouping method mitigated the IEI for just cell edge frequency resources group, where the impact still exists in cell center frequency resources group. Further, Kwak et al. [8] , Li and Liu [9] , Hwang et al. [10] , Song et al. [11] , and Albasry and Ahmed [12] proposed a power control methods to mitigate IEI. Kwak et al. [8] proposed BS based open loop power control (OLPC) algorithm for D2D, where the IEI from DUEs to cellular links was controlled by the BS. In [9] , the proposed scheme controlled the DUEs transmission power according to the DUEs locations from the serving BS by utilizing the distanceproportional fractional power control. The proposed methods in [8] and [9] are OLPC methods and impose constraints on the DUEs transmission power, which affects the performance of DUEs. Thus, Hwang et al. [10] , Song et al. [11] , and Albasry and Ahmed [12] proposed strategies to relax the power constraints of OLPC methods, where the DUEs can increase the transmission power. The main idea is identify additional slots, where the DUEs can boost the transmission power without affecting the cellular links. However, in the proposed OLPC-based methods, the DUEs transmission power is constrained without taking into account that can affect the D2D link performance.
Since the D2D communication is one of the main parts of future networks and the IEI is expected to be a serious problem, this gives us a motivation to propose a new framework model to evaluate theoretically the D2D-enabled cellular networks by considering the IEI impact. Further, the mitigation methods proposed by the literature did not give much attention to D2D links performance. Therefore, in this paper, two mitigation methods are proposed: frequency resources grouping strategy and power control algorithm that take into account performance of cellular and D2D links in the network.
The paper contributions can be summarized as follows:
1) A framework system model is proposed by using a stochastic geometry, which considers the IEI impact for high density D2D-enabled cellular networks. The IEI impact is evaluated for the cellular and D2D links. A closed-form of CUE coverage probability and data rate are derived to evaluate the cellular link performance, and DUE success probability and data rate are derived to evaluate the D2D link performance. Further, the expected D2D resource blocks (DRBs) reuse factor is derived.
2) The evaluation results show that the IEI impact is more severe on cellular links than the impact on D2D links. Thus, this work proposes a frequency resources grouping and the power allocation strategies to mitigate the IEI on cellular links. The application scenario of each mitigation method is explained and compared with the literature schemes. Both methods take into account the cellular and D2D links performance.
• A frequency resources grouping method called distance-density based (DDB) strategy is proposed to mitigate the IEI. Based on the fact that the nearest DRBs to the cellular resource blocks (CRBs) cause more IEI, a protection band is defined. In the protection band, the number of served DUEs is controlled and the DRBs are allocated to the DUEs that cause the lowest interference to the BS. The optimal protection band size for each cell is found. The cellular link performance is evaluated and the results show the significant improvement is achieved by employing this strategy.
• The impact of IEI intra-cell (IEI from the same cell) and inter-cell (IEI from other cells) on cellular link are investigated. The results show that the IEI intra-cell dominates the IEI inter-cell when the DUE density is high. Thus, we propose optimal power allocation (OPA) algorithm to eliminate the IEI intra-cell within one cell. The problem is formulated as an optimization problem. The cellular link performance is improved significantly by employing this algorithm. In this paper, to manage and mitigate the IEI, three problems are defined and three different parameters are derived. Firstly, DRBs reusing is considered and optimization problem is formed to find the maximum reuse factor under constraint of not causing a harmful interference to cellular and D2D links. The optimal expected reuse factor is derived which satisfies the required quality of service (QoS) thresholds of TABLE I LIST OF KEY NOTATIONS cellular and D2D links for IEI and no IEI cases. The output of IEI case problem is used as an input parameter for DDB strategy. Secondly, DDB strategy is developed to solve the DRBs resource grouping problem as one kind of IEI mitigation methods for the fixed DUE transmission power case. The optimal protection band size is then derived which maximizes the coverage probability of cellular link and serves the required number of DUEs. Finally, power allocation problem is addressed as another kind of IEI mitigation methods. The optimal power profile of DUEs is derived which maximizes the DUEs sum rate and mitigates the IEI at the cellular link.
It is worth noting that there are many studies that have proposed resource allocation and power control methods to manage co-channel interference in D2D underlay system such as [4] , [5] , and [13] - [18] . However, in this paper, the proposed resource grouping and power allocation methods are employed to manage IEI impact in D2D-enabled cellular networks that use D2D overlay system.
The reminder of the paper is organized as follows. In Section II, the system model of D2D-enabled cellular networks is described. In Section III, the network performance is analyzed. In Section IV, two methods are proposed to mitigate the IEI impact. The results and the discussion are provided in Section V. The conclusion is followed in Section VI. The list of the key mathematical notations used in this paper is given in Table. I. II. SYSTEM MODEL Consider the IEI impact for D2D overlay in-band scheme, using the uplink frequency resources pool structure proposed by the 3rd generation partnership project (3GPP) [10] , [11] , as shown in Fig. 1 . The CUEs use CRBs to transmit the uplink traffic, while DUEs use DRBs to transmit D2D data. In each time slot (t), there are N C CRBs and N D DRBs, where N C + N D = N and N is the total number of resource blocks (RBs) in t. For a network model, consider D2D-enabled orthogonal frequency division multiple access (OFDMA)-based cellular network with multiple cells [16] - [18] , as shown in Fig. 2 . The locations of BSs, the CUEs using the ith CRB, and the DUEs using the jth DRBs are modeled as independent homogeneous Poisson point processes (PPPs) Φ, Φ i , and Φ j with densities of λ, λ i and λ j respectively, where
A full load scenario is assumed, where each CRB is occupied by one CUE in each cell, thus λ i and λ have equal values. Further, each jth DRB can be reused by r j DUEs. Also, it is assumed that each DUE uses only one DRB to transmit D2D data.
In this model, the signals experience distance dependent path loss, and small fading. The small fading power gain follows the exponential distribution with mean 1 μ , which it is denoted by h ∼ exp(μ). One RB subcarriers are characterized by the same channel gain. A fractional path lossinversion based power control is considered of form x α , where ∈ [0, 1]. The distances are assumed independent and identically distributed (i.i.d) and follow Rayleigh distribution [5] . Further, IEI from the IEI interferer DUE k that use the jth DRB to a CUE that use the ith CRB at the serving BS can be expressed in the form of
where ξ j,i is the ratio of the power at the jth DRB to the power at the ith CRB [19] .
Since each CRB is occupied by one CUE and the DRBs can be reused by r j within one cell, thus the density of CUEs that use the ith CRB is significantly lower than the DUEs' that use the jth DRB. Therefore, the leakage power among the CUEs is dominated by the IEI from the DUEs and can be neglected and also the leakage from the CUEs to the DUEs.
Following the above assumptions, we define the typical CUE 0 as the closest uplink user to the serving BS that uses the ith CRB to transmit data in the typical cell, where the BS is centered at the origin as a reference as shown in Fig. 2 . The uplink signal to interference and noise ratio (SINR) of the 0th CUE at the BS can be expressed as
where I i is the cumulative co-channel interference from interferer CUEs m's at the reference BS and IEI i is cumulative IEI from interferer DUEs k's at the reference BS. I i is given by
where R m is the distance between the mth CUE and its serving BS. IEI i is expressed by
Furthermore, we define a typical D2D pair, where a typical DUE transmitter d 0 locates far from the reference DUE receiver by distance x d0 , and find the d 0 th DUE SINR at the reference DUE receiver as
where 
and IEI j0 is expressed by
where ξ j,j0 represents the ratio of the power measured at the jth DRB to the power measured at the j 0 th DRB. To avoid repetition, some symbols descriptions are only given by Table. I
III. PERFORMANCE ANALYSIS
In this section, we analyze the performance of the cellular and D2D links in D2D-enabled cellular networks by taking into account the IEI impact. The IEI intra-cell and IEI inter-cell are analyzed separately under the main framework. Finally, the optimal expected DRB reuse factor is calculated within one cell, which satisfies the given QoS constraints for cellular and D2D links. The analysis in this paper is for one time slot, which can be generalized to all time slots.
A. Cellular Link
The cellular link coverage probability in D2D-enabled cellular networks is defined as the probability that the uplink SINR of the CUE at its serving BS is greater than the SINR threshold β, which is given by
P covi is averaged over the plane conditioned on the closest CUE (typical CUE) being at the distance x 0 from the BS. It is assumed that x 0 follows a Rayleigh distribution and the probability density function (PDF) is found from the null probability of a 2-D Poisson process [20] as
Thus, the coverage probability in (3) can be rewritten as
The conditional coverage probability in (5) can be denoted by p i (x 0 ) and derived as
where (a) follows the fact that
, and by letting s
is Laplace transform of the cumulative co-channel interference of the CUEs at the reference BS given by
where (8) and
Proof: see Appendix A. Furthermore, L IEIi (s) is the Laplace transform of cumulative IEI of the DUEs at the reference BS given by
Proof: see Appendix B. Now we derive the coverage probability of typical CUE by substituting (7) and (9) in (6) and then (6) in (5), and by plugging s = βμP
where
Special Case: To shed further light on the significance of the expression in (10), the coverage probability is calculated for the interference-limited regime σ 2 = 0, with power control factor = 0, which is reduced to
where (β, x 0 , , α) in (10) is substituted by
From (8), we can derive¯ (β, = 0, α) as
The coverage probability special case closed-form is given as
Note that the IEI impact changes according to the location of CRB [8] . Thereby, the expected value of the coverage probability over the given CRBs can be calculated as
where P r is the probability of the ith CRB assigned to the typical CUE and given by P r = 1 NC , as the CRBs can be allocated to any CUE in the network.
On the other hand, the expected data rate can be defined as
where (a) follows because ln(1 + SIN R i ) is strictly positive variable. Letting χ = (e −1) and using the SINR distribution of typical CUE given in (13), we obtain
P covi (χ) can be obtained by generalizing P covi given by (13) , and replacing β by χ. Thereby, the expected data rate can be obtained by plugging P covi (χ) in (16) as
To solve (17), we need to defined the path loss exponent. Considering a lossy environment, where α = 4, the data rate can be given by
which can be easily calculated numerically.
B. D2D Link
The success probability of D2D link is defined as a probability that the D2D pair can establish a link to transmit data, and the SINR at the receiver is greater than the SINR threshold β d . The success probability for the typical DUE transmitter located at distance x d0 from the reference DUE receiver is given by
is Laplace transform of the cumulative co-channel interference of the DUEs at the reference DUE receiver, which is derived as Appendix A
However, in this case, Φ j probability generating functional (PGFL) function integration limits for the DUEs are from 0 to ∞ since the closest co-channel interferer could be very close to the reference DUE receiver.
Laplace transform of cumulative IEI of the DUEs at the reference DUE receiver, which is derived similarly to Appendix B, and given by
For the interference limited regime, the success probability of typical DUE is obtained by substituting (20) and (21), and plugging
α in (19) as
The expected value of success probability over the given DRBs can be calculated as
where P r d is the probability of the jth DRB assigned to the typical DUE and given by
ND , as the DRBs can be allocated to any DUE in the network.
The expected data rate of the typical DUE link can be defined as
P sucj 0 (χ d ) can be obtained by generalizing P sucj 0 given by (22) , and replacing β d by χ d . Thereby, the data rate can be derived by plugging (24) as
which also can be easily calculated numerically.
C. IEI Inter-Cell and IEI Intra-Cell
The IEI may have a big impact on system performance, in this subsection, we study which part of IEI dominates the cellular link performance in each cell IEI intra-cell or IEI intercell, which are defined as the IEI within the typical cell and the IEI from other cells, respectively. The Laplace transform of the cumulative IEI of the DUEs at the reference BS L IEIi (s) can be expressed in terms of Laplace transform of IEI intra-cell and IEI inter-cell and rewritten as
IEIi ( (27) and (28) where the integration limits of Φ j PGFL function are taken from 0 to R for IEI intra-cell, and from R to ∞ for IEI inter-cell, where R is the typical cell radius. The coverage probability in terms of the IEI intra-cell and IEI inter-cell can be obtained by substituting (7) and (26), and plugging s = βμP (6) and then in (5) as
where and ς are the IEI intra-cell and IEI inter-cell terms given by
By considering the special case (σ 2 = 0, = 0) as (13), we obtain the coverage probability in terms of IEI intra-cell and IEI inter-cell as
D. Expected DRB Reuse Factor
In this subsection, we derive the optimal expected reuse factor of DRBs for each cell in terms of QoS parameters. The expected reuse factor (r) can be defined as the expected number of DUEs that can reuse each DRB within one cell. λ j in (13) and (22) can be expressed in terms ofr as
where R is the expected cell radius in the random networks, which is given by
CUE coverage probability threshold P cov th and DUE success probability threshold P suc th are defined as QoS thresholds for CUEs and DUEs that guarantee reuse of DRBs without causing a harmful interference to cellular and D2D links.
For comparison sake, we consider IEI and no IEI case. In case the IEI is taken into account, the reuse of DRB affects both cellular link coverage probability and D2D link success probability, adversely. Thus, we derive optimalr that fulfills the QoS thresholds requirements as follows maximizer (33) subject to 1
From (33a) and (33b), we can find optimal expected reuse factor for IEI case as
For no IEI case, the IEI is not taken into account, the reuse of DRBs affects only the D2D link success probability, adversely. Thus, we find the optimal reuse factor, where the DUEs can reuse the DRB on condition that the DUEs success probability satisfies the threshold given by P suc th −no IEI . Since, the DUEs do not experience the IEI, we let ξ j,j0 = 0 in (22) 
The optimal expected reuse factor for no IEI case is derived asr * 
IV. IEI MITIGATION
From subsection A in section V, the IEI impact on the cellular links is more severe than the impact on D2D links. Thus, this work focuses on the IEI impact on cellular link and proposes methods to mitigate this effect. Henceforth, the IEI denotes the IEI impact on the cellular link. The main parameters that can control the IEI are: number of served DUEs, DUEs locations from the serving BS, and DUEs transmission power. Hence, we propose two mitigation methods: the DDB strategy and the OPA algorithm. The former mitigates IEI by reducing the number of served DUEs and allocating predefined DRBs to the DUEs that cause lowest interference to the serving BS, where the served DUEs transmission power is fixed. However, the latter mitigates IEI by only controlling DUEs transmission power.
A. Distance-Density Based (DDB) Strategy
Based on the fact that the nearest DRBs cause more IEI [8] , it is expected that the IEI can be mitigated if the number of DUEs that use the DRBs located next to the CRBs is controlled and also if these DUEs are located beyond a predefined distance from the serving BS, where the DUEs transmission power is fixed. In this subsection, we remodel and re-analyze the system, and evaluate the network performance in terms of IEI mitigation parameters and DRBs groups setting. Then, we find the optimal DRBs groups setting, which maximizes the cellular link coverage probability and guarantees serving the required number of DUEs within one cell. Fig. 3 -A shows the DDB frequency resources structure in each t. The DRBs in each t are classified into two bands: protection and typical bands, for simplicity, G 1 and G 2 denote the protection and typical bands, respectively. N D2 and N D1 represent the number of DRBs in G 1 and G 2 bands, where N D = N D1 + N D2 , and
In the protection band, the number of served DUEs is reduced and each DRB in G 1 is allocated to the DUEs that are located beyond a predefined distance from the serving BS. Thus, the DUE density and DUEs locations that use each DRB in G 1 band are modeled in terms of reduction factor ρ and exclusion distance τ . ρ and τ are IEI mitigation parameters. ρ controls the number of served DUEs, where ρ can take value in the range [0,1]. τ controls the DUEs locations from the serving BS, where each DRB in G 1 band is assigned to the DUEs located beyond τ from the serving BS within one cell. τ can take value in the range [0, R]. Meanwhile, in the typical band, the DUEs locations that use each DRB in G 2 are modeled as PPP Φ j with density λ j as in the framework model.
To remodel the DUEs that use the protection band DRBs in the network, we use random thinning operation and PHP [21] . By thinning, the DUEs of Φ j process are retained with probability ρ to form a new point processΦ j with density ρλ j . Thus, we can control the DUE density of the DUEs that use each DRB in G 1 band. Further, we model the DUEs locations that use each DRB in G 1 band and located beyond the exclusion distance τ in terms ofΦ j by using a PHP as shown in Fig. 3-B . The PHP is defined in terms of two independent homogeneous PPPsΦ j and Φ, whereΦ j represents a PPP from which the holes are carved out and Φ represents the locations of the holes (BSs), which are centered by the BSs and have τ radius. The resultant process isΦ j with density ρλ j e −πλτ 2 . By PHP, we allocate each DRB in G 1 band to the DUEs that only located beyond distance τ from the BS. Accordingly, we have two different processes:Φ j with density ρλ j e −πλτ 2 for the DUEs that use each DRB in G 1 band, and Φ j with density λ j for the DUEs that use each DRB in G 2 band.
For simplicity, we denote this strategy as (ŝ) in the derivation. The conditional coverage probability in (6) for this case can be given by
(s) are the Laplace transform of cumulative IEI of the DUEs that use the DRBs in G 1 and G 2 bands, respectively, which are given by
and
The CUE coverage probability for the proposed strategy is obtained as
The closed-form expression of CUE coverage probability at the ith CRB is derived under the proposed strategy, where = 0 and σ 2 = 0 as follows
Also, the expected data rate for this strategy can be derived and given by
To solve (43), we consider a lossy environment, where the path loss exponent α = 4, we obtain
Similarly for D2D side, the success probability and the data rate are derived and given by
Since the number of served DUEs is controlled and the DUEs beyond τ in the cell only can use each DRB in the protection band, the expected reuse factor of the protection band DRBs is denoted byr DDB and can be found in terms ofr asr
where . is the round down function.
Clearly, in this strategy, the total DUEs that can be served at each time slot can be reduced. To evaluate this reduction, we define a reduction percentage of the DUEs as a DDB strategy trade-off metric and derive it by calculating the number of DUEs that can be served for each case, when this strategy is employed and not employed. As a result, the reduction percentage is expressed by
The DDB strategy defines a protection band to mitigate IEI. The main question is how to determine the optimal protection band size (DRBs groups setting) that maximizes the CUE coverage probability in (42) and serves the required number of DUEs. Intuitively, the maximum coverage probability can be achieved when the DRBs are not used by any DUEs, where (ρ = 0, N D1 = N D ). For the efficient use of DRBs and to serve as many DUEs as possible in each time slot, this is not an option. For this reason, we define ρ and the reduction percentage threshold θ th as the QoS system parameters, where ρ is selected to guarantee the efficient use of DRBs, and θ th is the permitted reduction percentage that guarantees N DUEs = θ th ×r × N D DUEs can be served in one time slot t. The BS sets N DUEs value according to: the number of DUEs requests in each time slot, and system priorities of serving DUEs or providing better QoS to CUEs.
The BS finds the optimal protection band that maximizes the CUE coverage probability in (42) for a given reduction factor ρ, so as the reduction percentage θ does not exceed the given θ th as follows. (42) is maximized by minimizing the third term in the denominator as minimize
subject to
Since the N D1 is the upper limit of a summation operator in (39) and (40), thus it is tractable to derive the optimal ρ * for the given DRBs groups setting N D1 and then find the optimal N * D1 in terms of derived ρ * . The problem can be rewritten as
It is worth noting that τ in (42) is discarded and substituted by τ = 0, because from the results (as shown in Fig. 8 in the results section), we notice the exclusion distance τ does not help to improve the CUE performance.
To solve (52), we use the Lagrangian multipliers method and find the Lagrangian function as
where λ 1 , λ 2 , and λ 3 are the Lagrangian multipliers. The gradients of the Lagrangian function vanish at ρ * , so we find partial derivations with respect to each variable ρ, λ 1 , λ 2 , and λ 3 as
From (55), we can find ρ * as
where ρ * = 1 in (56) is not the minimum value among the derived optimal solutions. Further, for the sake of spectrum efficiency, ρ * = 0 in (57) is discarded. Thus, from (58), the optimal DRB setting can be obtained as
From (59), if N D1 = N D , we obtain maximum reduction that can be achieved for given ρ
To leverage the fact that some DUEs cause an interference higher than other DUEs to the BS, the DUEs are arranged by increasing order of the BS interference level. By exploiting the optimal protection band size derived in (59), the (r DDB ×N D1 ) DUEs cause the lowest interference to the BS are allocated to G 1 band. The remaining (r × N D2 ) DUEs are allocated to G 2 band. This frequency resource allocation mitigates the IEI. Thereafter, the DUEs allocated for each band (G 1 and G 2 ) could be distributed by using the traditional resource allocation methods.
B. Optimal Power Allocation (OPA) Algorithm
From subsection A in the results section, the IEI intracell dominates the IEI inter-cell in high density D2D-enabled cellular networks. Thus, eliminating IEI intra-cell within one cell can diminish significantly the total IEI impact in the network. Therefore, the OPA algorithm is proposed to mitigate the IEI intra-cell using the fact that by controlling the DUEs transmission power within one cell, the IEI impact can be effectively controlled. This method can eliminate the IEI intracell because the BS can only control and allocate power to the DUEs within the cell. The optimal power allocation is performed for the DUEs that maximizes DUEs sum rate and satisfies the required constraint in order to mitigate IEI from 
The objective function (61) is the DUEs sum rate within the cell, where P denotes the transmission power profile vector for DUEs, R j q is the data rate for qth DUE that uses the jth DRB. r j is found in the frequency resources allocation stage for each DRB. It is assumed that the spectrum allocation has been performed before the power allocation, where each DRB is allocated to a subset of distant pairs that generates low cochannel interference to each other. Further, constraint (61a) guarantees that the transmission power for each DUE is less than or equal to the maximum limit, where P j q is the qth DUE transmission power that uses the jth DRB, P max is the maximum transmission power of the DUEs, q∈ {1, 2, · · · , r j }, and j ∈ {1, 2, · · · , N D }. Finally, constraint (61b) guarantees the interference from the DUEs at the BS is less than a given threshold I th . H j q,BS denotes the channel gain between the qth DUE that uses the jth DRB and the BS, where
q . I th is the maximum allowed interference from each DRB at the BS which controls the IEI from the DUEs.
For notation clarity, henceforth, the subscript and superscript of rate R, power P , co-channel interference I, and IEI indicate the DUE identity and the DRB used by this DUE, respectively. Also, for the channel notations, the superscript is the DUE identity and the subscript indicates that, for instance, channel H q,BS is between qth DUE transmitter and BS.
The data rate for the q 0 th DUE that uses the j 0 th DRB can be written as
where I j0 q0 and IEI j0 q0 are the cumulative co-channel interference and cumulative IEI at j 0 DRB used by q 0 th DUE within one cell.
The objective function (61) is a non-convex function (geometric programming function) and the constraints are convex (affine functions). To simplify the problem and find the optimal solution, we convert (61) to a convex form as follows. By using the high SINR regime and replacing P 
The first term on the right hand side in (65) is linear and the third term is concave (the log of sum of exponentials of linear functions), then the transformed objective function (65) represents one form of convex functions and it has a unique optimal solution which must satisfy KarushKuhn-Tucker (KKT) conditions and can be solved by using Lagrangian dual decomposition. By letting ϑ = (ϑ 1 , · · · , ϑ i ) and = ( 1 , · · · , j ) denote the Lagrangian multiplier vectors associated with the constraints (61a) and (61b), respectively, the Lagrangian function can be defined as
According to the KKT conditions [22] , the gradient of the Lagrangian function must vanish at the optimum P * and equal to 0.
∂L(P
To derive (67), we firstly derive the first term on the right hand side. The transmission power of q 0 th DUE that uses the j 0 th DRB P j0 q0 can be found in the sum rate equation of DUEs in three forms as follows: in the desired signal of q 0 th DUE that uses the j 0 th DRB, in the co-channel interference of q 0 th DUE to qth DUE that uses same j 0 th DRB, and in the IEI of q 0 th DUE toqth DUE that uses different DRB. This can be expressed mathematically
and can be determined term by term as follows. .
The derivative of utility function R j0 q with respect to P j0 q0 , with
and R ĵ q with respect to P j0 q0 , with j = j 0 , is
By substituting (69), (70), and (71) in (68), and then in (67), we obtain
From (72), the optimal power allocation for each qth DUE on each jth DRB is derived as follows
zero value. Initialize P with equal power allocation. (75), and P. 4: Until T = T max (max number of iterations).
Since the Lagrangian function in (66) is differentiable, subgradient method can be used to find optimal power profile, where convergence of this method is guaranteed. By using the constant step size rule, the Lagrange multipliers can be updated iteratively until convergence by
where [x] + denotes max {x, 0}, a > 0 and b > 0 are small positive steps, and T is the iteration index. Algorithm 1 is developed to derive the optimal power allocations for DUEs. It is worth noting that the algorithm's complexity is polynomial inr, N D , and T max and given by O(r × N D × T max ), which is feasible in practice with reasonable processing delay. The proposed algorithm is mainly based on knowing the channel gains of different links between various devices (CUEs, DUEs, and BS). Also, it is worth noting that the channel gains among the DUEs and CUEs, and the BS can be obtained in a practical network by using the uplink sounding reference signal (SRS), for more details refer to [23] .
V. RESULTS AND DISCUSSION
This section provides the numerical and simulation results for D2D-enabled cellular networks. The results are all averaged over the CRBs by using (14) and averaged over the DRBs by using (23) . Unless noted otherwise, the simulation parameters are given in Table. II. Leakage power ratio among the resource blocks is given by ξ j,i = −21−5 |j − i| in dB [8] .
A. IEI Impact
In this subsection, we compare the no IEI case in [13] , [24] , and [25] with the IEI case. The results show the IEI impact on cellular and D2D links, the dominant IEI (intra-cell or intercell), and the comparison between the reuse factors, where IEI is and is not taken into account. Fig. 4 shows the IEI impact on the CUE coverage probability for different DUE densities by changing the required SINR threshold at the reference BS. The coverage probability is calculated by considering two different environment: lossy environment α = 4 and free space environment α = 2.5. To find the CUE coverage probability by simulations, the typical BS is located at the center (0, 0) in R 2 plane. The CUEs are dropped according to homogeneous PPP with density λ i =1 CUEs/km 2 within the range of 5 km of the network, and the same for the DUEs with different densities. The figure shows the simulation results capture the coverage probability in (13) . By comparing the λ j = 20 and 40 DUEs/km 2 scenarios with no IEI scenario, it can be seen that the IEI degrades the coverage probability and becomes severe by increasing the density. Since the DUE density is expected to increase dramatically in the next generation networks, the IEI becomes severe, thus, the system should consider the IEI to evaluate the network performance accurately. Further, the IEI degrades the coverage probability by 0.4 and 0.5 for α = 4, while for α = 2.5 case, coverage is degraded by 0.1 and 0.2, where λ j = 20 and 40 DUEs/km 2 respectively. This leads to the conclusion that IEI impact is more significant in lossy environment. Fig. 5 shows the IEI impact on the DUE success probability for different DUE densities by changing the required SINR threshold at the reference DUE receiver. To find the DUE success probability by simulation, the reference DUE receiver is centered at the origin, the corresponding typical DUE transmitter is isotropically dropped at a fixed distance x d0 = 50 m away from the receiver. The CUEs and DUEs are dropped around the center according to homogeneous PPP. The success probability is calculated for lossy environment α = 4 and free space environment α = 2.5. The figure shows the simulation results capture the success probability in (22) . From λ j = 20 and 40 DUEs/km 2 scenarios, it can be seen that the IEI degrades the D2D link success probability. The IEI degrades the success probability by about 0.1, where λ j = 20 and 40 DUEs/km 2 for α = 4 case, while for α = 2.5 case the IEI does not affect the success probability and it is almost similar to the no IEI case. By increasing the DUE density, the IEI slightly increases and a negligible effect on success probability is caused. This leads to the conclusion that the IEI impact for D2D side is not severe. Further, the IEI impact is higher in the lossy environment, which means the overall interference is smaller in proportion to the desired received signal for the former case. The reason is the D2D communication distance between the transmitter and the receiver of D2D pair is small. 6 shows the coverage probability where: only IEI intracell, only IEI inter-cell, and the IEI for the whole network are considered, respectively. Three cases are defined for two different frequency resources pool structures, N C = 20, N D = 30 and N C = 6, N D = 44 by changing DUE density. Note that the coverage probability for λ j = 0 is 0.77 represents the no IEI case (optimal case). By changing DUE density, we observe that IEI intra-cell is significantly high and affects the coverage probability of typical CUE for N C = 20, N D = 30 and N C = 6, N D = 44 cases. The reason is the proximity of interferer DUEs of typical cell from the reference BS. However for both cases, the IEI inter-cell is not negligible especially at high DUE density. As a result, the IEI intracell dominates the performance at high DUE density. At low DUE density, both similarly affect the coverage probability. This implies, considering only IEI intra-cell in high DUE density can help to evaluate approximately the cellular system performance, especially if the BS has limited information about the IEI from the other cells. Since the full load scenario is considered, by comparing the N C = 20, N D = 30 curves and N C = 6, N D = 44 curves, it can be seen the coverage probability is better when the DRBs number is less. Fig. 6 . IEI intra-cell and IEI inter-cell. Fig. 7 shows the expected reuse factor for each DRB, where the required CUE coverage probability at the BS and the DUE success probability are given. In this figure, the expected DRBs reuse factor is calculated for no IEI and IEI to show the difference between two cases. It can be seen, if the reuse factor that satisfies the coverage probability threshold is larger than reuse factor that satisfies the success probability threshold, then the expected reuse factor is bounded by success probability constraint (33b). On contrary, if the reuse factor that satisfies the coverage probability threshold is smaller than the reuse factor that satisfies the success probability threshold, the expected reuse factor is bounded by the coverage probability constraint (33a). The points of the transformation between two above cases are defined as the constraints transformation points as shown in the figure. Further, the number of expected reuse factor for no IEI case is greater than the actual expected reuse factor for the IEI case. For instance, if the required P th suc is 0.5, the expected reuse factor is 11, which is not accurate because if the IEI is considered we notice that the maximum reuse factor that can be achieved is 8. As the result, the expected number of the DUEs that can be served in each time slot is calculated for no IEI and IEI cases, and the calculated number for the IEI can give a more accurate insight of how many DUEs can be served in each time slot without causing a harmful interference among the UEs, especially at the high DUE density.
B. IEI Mitigation: DDB Strategy
In this subsection, the results show the performance gain when DDB strategy is employed and optimal DRBs groups setting for different reduction factors that retains the reduction percentage less than the threshold value. The simulation setting is similar to the setting in the previous section, except the DUEs that use each DRB in G 1 band are dropped according to homogeneous PPP with density ρλ j , and beyond the exclusion distance τ from the BSs in the network. Fig. 8 shows the expected cellular link data rate that can be achieved by employing DDB strategy for different DUE densities, DRBs groups setting, and different ρ and τ values. The figure demonstrates the lower-bound (no mitigation) and the upper-bound of the data rate for two different DRBs groups setting. For the upper-bound case, the DRBs in G 1 band are not used by any DUEs where ρ = 0, the data rate is improved significantly especially when the number of the DRBs in G 1 is large. For instance, for N D1 = 12 case, the upper bound data rate is almost the same as the calculated data rate for the optimal case (no IEI) R C = 1.48 nats/sec/Hz. For the same DRBs groups setting N D1 and reduction factor ρ, if we increase the exclusion distance from 0.2 to 0.4 km, the improvement is only about 0.1 nats/sec/Hz, which is marginal and not a very promising enhancement. Further, for the same τ and ρ, if we increase the DRBs in G 1 band from 6 to 12 DRBs, the improvement is significant, particularly if the reduction factor is small. Also, we observe that the data rate increases when the reduction factor decreases for the same τ and N D1 , which becomes notable if N D1 is large. This figure shows that by decreasing the number of DUEs that use each DRB in G 1 band and by increasing the number of DRBs in G 1 , we can effectively mitigate the IEI and achieve a significant improvement in performance. On the other hand, the exclusion distance τ plays a very marginal rule in this improvement.
In Fig. 9 , the cellular link coverage probability is found for different DRBs groups settings and reduction factors. The coverage probability becomes better by increasing the number of the DRBs and the reduction factor in G 1 band. Intuitively, the maximum coverage probability can be achieved where the reduction is applied for all DRBs, but this is not the case here, the maximum coverage probabilities for ρ =0.2, 0.4, 0.6, and 0.8 can be achieved when the DRBs group setting N D1 are 30, 28, 24, and 22, respectively. Increasing N D1 after these points cannot achieve better performance. The main reason is the leakage from the DRBs located far from the CRBs is very small and negligible. This figure defines upper bound DRBs group setting points for the given ρ, which helps to find optimal DRBs groups setting as will be explained next. Fig. 10 shows the optimal DRBs groups setting for the given reduction percentage and reduction factor. In this figure, we define the upper bound DRBs groups setting points. These points define the maximum DRBs groups setting and reduction that can be employed for each ρ. Accordingly, the DRBs groups setting can be found easily for the given ρ and reduction percentage by knowing the upper bound DRBs group setting points. For instance, for ρ = 0.2, if the allowable reduction percentage is 40%, then the DRBs groups setting N D1 = 22. Meanwhile, if the allowable reduction percentage is ≥ 51% then the DRBs groups setting is N D1 = 28, which is equal to the upper bound DRBs groups setting point. Further, it can be seen that the maximum reduction percentages for the given reuse factors are 80% for ρ = 0.2, 60% for ρ = 0.4, 40% for ρ = 0.6, and 20% for ρ = 0.8, which also can be obtained by the derived equation in (60). Accordingly, by knowing reduction factor, required reduction percentage, and upper bound DRBs group setting points, the optimal DRBs groups setting can be find which eliminates IEI.
C. IEI Mitigation: OPA Algorithm
For the OPA algorithm, we consider only one cell. This subsection depicts the convergence performance of the algorithm and the improvement achieved by employing the OPA algo- rithm. The frequency resources allocation is performed before the power allocation by employing the DSATUR algorithm: If the distance between DUE transmitter qth and DUE receiver q th is lower than a threshold distance then qth and q th DUEs use different DRBs [28] . Fig. 11 illustrates the performance and shows the convergence behavior of the OPA algorithm. The convergence to the maximum sum rate is achieved in iteration number 20. In this figure, the convergence for this algorithm is confirmed, which implies the maximum sum rate can be guaranteed by the OPA algorithm. Fig. 12 shows the significant improvement in cellular link coverage probability that achieved by OPA algorithm. Three cases are compared: no IEI (optimal), with IEI (no mitigation), and with IEI (with mitigation). It can be seen that when the BS interference threshold I th is decreased, the cellular link coverage probability can be improved and can achieve the optimal value. This is reasonable, because by decreasing I th , the power profile of DUEs decreases. This causes less leakage power to the CRBs, thus the coverage probability becomes better. As a result, by exploiting the OPA algorithm, we can mitigate the IEI in D2D-enabled cellular networks.
D. The Mitigation Methods Comparison and Its Applications
In this paper, two different methods proposed to mitigate the IEI. In this section, we explain the application scenario of each method and compare them with the literature schemes.
DDB strategy serves limited number of DUEs with fixed DUEs transmission power. The DDB strategy can be used if the D2D links QoS has higher priority than the number of DUEs should be served in each time slot and the DUEs requests for one time slot can be covered by this strategy. By employing DDB strategy, the IEI intra-cell and IEI intercell can be mitigated. Unlike the frequency resources grouping method proposed in [7] , the DDB strategy mitigates the IEI in all time slots without restricting the DUEs transmission power of the DUEs. Further, by comparing with the OLPC-based methods proposed in [8] - [12] , the DDB does not apply any power transmission constraints on the DUEs, thus maintains the D2D links QoS.
The OPA algorithm applies power transmission constraints on the DUEs, while maximizes the DUEs sum rate. This algorithm can be used if the number of served DUEs in each time slot has higher priority than the D2D links QoS. By employing OPA algorithm: the DUEs transmission power is controlled and the IEI intra-cell within one cell is mitigated. Unlike the power control methods proposed in [8] - [12] , OPA algorithm mitigates IEI by taking into account the cellular and D2D links QoS in the network, where the DUEs optimal power profile is found which maximizes the DUEs sum rate and satisfies the interference threshold level at the BS.
As noted, it is preferable to use the DDB strategy if the required number of served DUEs in one time slot can be covered. The main reason, in this strategy, the IEI is mitigated by taking into account the cellular and D2D links QoS. Also, there is no constraints on the DUEs transmission power, and the IEI intra-cell and IEI inter-cell are both mitigated. In case the required number of served DUEs in one time slot cannot be covered by DDB, the OPA algorithm can be used.
VI. CONCLUSION
This paper investigated IEI impact in high density D2D-enabled cellular networks. A new framework was proposed to analyze accurately the future networks, which is more accurate than traditional model, where IEI is taken into account. The results showed that the IEI affects significantly network performance in particular cellular links. The frequency resources grouping (DDB) strategy and optimal power allocation (OPA) algorithm were proposed to mitigate IEI for cellular links in the network. The DDB strategy can be used if D2D links QoS has higher priority than the number of DUEs should be served in each time slot and the DUEs requests for one time slot can be covered by this strategy. Meanwhile, OPA algorithm can be used if the number of served DUEs in each time slot has higher priority than the D2D links QoS and the DUEs requests for one time slot cannot be covered by DDB strategy. The results showed that the proposed methods mitigate IEI and improve remarkably cellular links performance. For future work, it is worth studying how to extend the work to the scenario where the correlation transmission channels is taken into account to evaluate the IEI impact in D2D-enabled cellular networks. 
